Abstract. We study the physical processes controlling the development and evolution of normal faults by analyzing numerical experiments of extension of an ideal two-dimensional elastic-plastic (brittle) layer floating on an inviscid fluid. The yield stress of the layer is the sum of the layer cohesion and its frictional stress. Faults are initiated by a small plastic flaw in the layer. We get finite fault offset when we make fault cohesion decrease with strain. Even in this highly idealized system we vary six physical parameters: the initial cohesion of the layer, the thickness of the layer, the rate of cohesion reduction with plastic strain, the friction coefficient, the flaw size and the fault width. We obtain two main types of faulting behavior: (1) multiple major faults with small offset and (2) single major fault that can develop very large offset. We show that only two parameters control these different types of faulting patterns: (1) the brittle layer thickness for a given cohesion and (2) the rate of cohesion reduction with strain. For a large brittle layer thickness (> 22 km with 44 MPa of cohesion), extension always leads to multiple faults distributed over the width of the layer. For a smaller brittle layer thickness the fault pattern is dependent on the rate of fault weakening: a very slow rate of weakening leads to a very large offset fault and a fast rate of weakening leads to an asymmetric graben and eventually to a very large offset fault. When the offset is very large, the model produces major features of the pattern of topography and faulting seen in some metamorphic core complexes.
Introduction
The natural faults that either bound or cut an asymmetric or symmetric graben in rifts show a wide range of offsets [e.g., Roberts et al., 1991; Morley, 1995] . The offset varies from microscopic slip on incipient faults to ~5 km slip on rift basin bounding faults [e.g., Vening Meinesz, 1950; Ebinger et al., 1987] up to several tens of kilometers on metamorphic core complexes structures [e.g., Coney, 1980; Karson et al., 1987;  main difference between these methods is the simplifying assumption made in order to study the evolution of normal faulting. A first approach considers the initiation of normal faults and ignores the long-term development of faulting. Anderson [1951] shows that in a uniform brittle layer subject to side-driven extension, faults are produced with dips ranging from about ~70 ø down to 45 ø , depending on the coefficient of friction. On the basis of laboratory estimates of rock friction [e.g., Byerlee, 1978] normal faults should form with dips close to 60 ø .
Most continuum models realistically approximate the overall deformation of the lithosphere during rifting but generally do not examine the evolution of primary versus secondary faults. They either do not treat the localization of deformation associated with faults or must explicitly specify the initial fault properties. Also, a systematic analysis of the influence of each physical parameters on the faulting behavior is lacking in most of these studies.
Several authors modeled topography caused by normal fault offset by treating the lithosphere as an elastic plate [e.g., Vening Meinesz, 1950; Kusznir et al., 1987; Weissel and Karner, 1989] . They assumed slip on one or more high-angle normal faults and look at the topography resulting from the bending of the lithosphere around the fault. Vening Meinesz [ 1950] proposed that grabens were produced by flexure of the hanging wall of a major normal fault bounding a rift when secondary faults antithetic to the first fault form in the part of the hanging wall that undergoes the most bending.
In order to study the potential formation of antithetic or synthetic faults in the vicinity of a high-angle normal fault,
Melosh and Williams [1989] used a finite element method to
model the lithosphere as a thick elastic plate. They inserted a normal fault in the lithosphere and predict the initiation of new faults by assuming a Mohr-Coulomb criterion for brittle failure in the elastic plate. However, they could not model large fault offsets. In a further improvement of these types of studies, Hassani and Chery [ 1996] were able to simulate the localization and formation of new faults around an initial prescribed weak fault by assuming plastic behavior in a thick elastic-plastic plate to allow for the localization of deformation in shear zones.
Stein et al. [1988] showed that, to accurately model the observed pattern of deformation around high-angle normal faults assuming an elastic lithosphere, the effective elastic thickness of the lithosphere must be much smaller than the seismogenic thickness. By treating the lithosphere as a thin elastic-plastic plate, Buck [1988] confirmed that result by showing that finite offset on a normal fault could greatly reduce the wavelength of the flexural response in the area surrounding the fault.
Several authors have studied loading of elastic layers in different ways that might cause initiation of normal faults with low-angle dip (<30 ø) Parsons and Thompson, 1993] .
However, these studies looked only at stress orientation and not at magnitude of stresses needed for slip on faults. Wills and Buck [ 1997] looked at •tress magnitude and showed that the loading described by Yin and Parsons and Thompson would not lead to slip on low-angle faults cutting an entire layer. Indeed, they show that in the areas where the stress orientations suggest low-angle fault initiation the stress differences (and so shear stresses) approach zero, in contrast to adjacent areas where the stress orientations and magnitudes allow for high-angle fault initiation. Further, Gerbault et al.
[1998] showed that elastic solutions for faulting can predict only the initiation of fault patterns when the stress field is slightly above yield. Thus these predictions are only useful for small deformations, and give erroneous results for large deformation encountered in natural faults.
Modeling of Normal Faults With Finite
Offset Forsyth [ 1992] and Buck [ 1993] have attempted to define the parameters controlling finite offset on normal faults by using very simplified models of lithospheric bending. Forsyth [ 1992] treated the brittle layer as a thin perfectly elastic beam, and Buck [1993] chose to treat it as a thin elastic plate having a finite yield strength (elastic-plastic). Both assumed the lower crust to be an inviscid fluid and prescribed an initial cohesionless fault in the model domain. Both studies attempt to show that a normal fault will continue slip as long as the material around it is stronger than the fault itself. A weak frictional fault surrounded by a stronger frictional and cohesive material fits that criterion. To slip on this fault, there needs to be a force increase to compensate for the resistance of the layer to bending and the resistance of gravity to the buildup of topography. If the force increase is sufficient to cause the material around the fault to reach yield, a new fault will form. If the force increase is too small to cause a significant change in stress around the fault, the fault may slip indefinitely.
Therefore both of these authors studied the effect of this "gravitational" force increase on the strength of the layer surrounding the fault.
Using the simpler approximation, Forsyth [1992] inferred that the maximum fault offset is controlled by the dip angle of the fault andthe layer cohesion. A very large offset fault can only develop on a fault with an initial low dip angle, lower than that predicted for the formation of a normal fault in a homogenous layer [Anderson, 1951; Wills and Buck, 1997] . By using a more complete description of the strength of the layer, Buck [ 1993] found that for a given cohesion, fault offset is controlled by the thickness of the elastic-plastic layer. For a brittle layer thickness >10 km and for a reasonably low cohesion value the fault can build up only a few kilometers of offset before being replaced by a new one. For a thinner brittle layer the fault offset may be unlimited.
It can be seen (Figure 1 ), that in a frictional brittle layer with a reasonably low value of cohesion (20 to 40 MPa [e.g., Handin, 1966] ), the remaining strength on an active fault (proportional to the area in light shaded area on the yield stress profiles) represents a much smaller proportion of the total strength (proportional to the area in dark shaded area on the yield stress profiles) in a thin layer than in a thick layer. Moreover, Buck [1993] showed that the gravitational force increase is proportional the square of the layer thickness. Therefore a fault will remain relatively much weaker than the surrounding material in a thin layer (Figure la) than in a thick layer (Figure lb) , and the gravitational force increase will be smaller in a thin layer than in a thick layer. For these reasons, normal faults can accumulate large offset in a thin layer. In a thick layer, fault offset should be small and multiple faults should form. accurately the dynamic state of strain and stress in an elasticplastic layer. More importantly, the assumption that faults are preexisting surfaces in the layer obliterates the processes of weakening leading to the formation of the fault.
Model Formulation
In the following experiments we use a numerical model that allows for the calculation of the dynamic state of strain and stress in an ideal brittle (elastic-plastic) layer in which plastic strain is given by a non-associated plastic flow rule ]. Non associated plasticity allows for the 
processes that lead to the formation of fault by assuming that, ' where x is the shear stress at yield, g is the coefficient of when in the layer the yield stress is reached, the layer locally loses its cohesion with plastic strain Poliakov and Buck, 1998 ]. This approach is a major advance since it provides a tool that allows us accurately to take into account the effect of the gravitational force increase 
Numerical Method
The numerical method used for the experiments is based on an explicit finite element method similar to fast lagrangian analysis of continua (FLAC) technique [Cundall, 1989] . It has been used to simulate localized deformation (approximating faults) in elastic-plastic materials in a variety of problems The initial mesh of the model is made of quadrilaterals subdivided into two pairs of superimposed constant-strain triangular zones The use of triangular zones eliminates the problem of "hourglassing" deformation sometimes experienced in finite differences [Cundall, 1989] . Since this method is Lagrangian (i.e., the numerical grid follows the deformations), the simulation of very large deformations (locally more that 50%) involves remeshing to overcome the 
Results
We ran 44 models (Table 1) , varying the layer thickness, the cohesion of the layer, the characteristic plastic strain, the grid size, and the flaw size and location. The model results in the spontaneous development of an evolving system of faults. For all models a fault or faults start where the plastic flaw is inserted (Table 1) . In all cases the faults initially form at a dip, 0 of 60 ø in agreement with the internal friction coefficient (g = 0.6) assumed in the brittle layer.
We find two fundamentally different regimes of faulting with some additional regimes included within each domain (Plate 1). In the "large offset" or "unlimited mode" the initial fault accommodates nearly all the extension for as long as the numerical experiment continues (Plate l a). For the "small offset" mode, two or more faults form and accommodate significant offset (Plates lb and lc)and no fault is offset by a large amount (i.e., with an off'set greater than the layer thickness).
Within the unlimited mode we find that in some cases, secondary faults can break the layer in the hanging wall and/or in the footwall of the initial fault. For "hanging wall snapping", both the hanging wall and the footwall of the fault break after a very small offset (i.e., a few hundreds of meters) on the initial fault (Plate l d). For "footwall snapping" the initial fault develops a limited amount of offset (a few kilometers) before a secondary fault breaks the footwall (Plate l e). We believe that this is due to a local reduction of the bending moment in the elastic-plastic layer [Buck, 1997] . When a beam is bent sufficiently, it can break in a distributed manner over a broad area or it can break in one place (the way a cracker snaps). Buck [1997] showed that an elastic-plastic layer should break in a distributed manner or "crunch" when its bending moment increases with increasing bending of the plate. It should snap when the bending moment decreases locally with increasing bending. We believe that hanging wall snapping and footwall snapping around the major fault occur when the bending of the plate is large enough that the bending moment starts to decrease. This qualitatively explains why this behavior depends on the rate of strain weakening. Note that snapping generates secondary faults for the unlimited Because running a numerical experiment with the adequate resolution takes between 3 CPU days to 3 CPU weeks, the investigation of the parameter space was limited. H is the thi-ckness of the layer; C(0) is the initial cohesion of the layer or the maximum cohesion loss; Aw is approximately the width of the fault in the models; e½ is the characteristic strain for maximum strength reduction; &re the characteristic offset for 
Analysis of Results
We expect that two processes will affect the development of fault offset in the layer: (1) the increase in gravitational force Plate 1. Example of the two different regimes of faulting. The modeled topography and plastic strain are plotted for three steps in the evolution of each run with H = 10 km and H = 20 km (Table 1) due to the resistance of the layer to bending and the resistance of gravity to the buildup of topography and (2) the reduction in force due to the weakening processes on the fault. We know from our parametrization (equation (2) When added, the two components give the total force change necessary to extend the layer. In Figure 4 we sketch each component of the average force change and their sum for a thin and a thick brittle layer. This suggests that two mechanisms may control whether extension of the brittle layer leads to the large offset or the small offset mode. The first is related to the maximum possible changes in AF• and AF• while the second is related to the rates of change of these force components.
Pertinent to the first mechanism, the maximum in bending force AF• is proportional to the square of the thickness/_/e of the layer and the maximum decrease in force AFw is proportional to the thickness H of the layer. Thus, the maximum of AF• will exceed the maximum of the AFw only for a thick enough layer (Figure 4b ). In this case the bending changes are larger than the weakening and a second fault forms, limiting the offset on the initial fault (small offset mode) (Plate lb). For a thin layer (Figure 4a ) the bending component is small enough and the weakening component is large enough that the weakening processes dominate the total force change needed to offset the fault. In that case the initial fault can accumulate very large offset (Plate l a) (large offset mode).
For either a thick or a thin layer the rate of change of forces could control whether the force change is positive and so a new fault would form. When the rate of cohesion reduction is very slow, the reduction in force is so small that the initial increase in bending force dominates the force change in the layer. In our experiments after a few ten's of meters of offset on the fault another fault forms (Plate lc) (small offset mode). If the rate of cohesion reduction is moderate to fast, for a thin enough layer the weakening processes dominate the force change. In our experiments we were able to obtain large offset faults (Plates la, ldand le).
As we have seen, the modes of faulting in our numerical experiments are controlled by the thickness of the layer H relating to the amount of weakening possible on a fault and the maximum increase in bending force and the characteristic fault offset Axe relating to the rate of weakening on a fault. We plotted our model cases using axes of Hand Axe (Figure 5a ) (as defined in Table 1 ) for a cohesion C(0) = 44 MPa. Using this parameter space to plot the results of our model experiments yields two well-defined domains of fault behavior confirming the theory developed previously: (1) a large offset mode domain and (2) a small offset mode domain. Also confirming our theory, we find two main transitions between large offset and small offset domains: (1) One is transition that depends on the maximum changes in cohesion and bending related forces, which here occur at about H = 22 km. Below 22 km the layer is thin enough for the given cohesion to allow for large or unlimited offset. Above 22 km the layer is so thick that the bending force needed to offset the fault is such that the stresses around the fault exceed yield and another fault forms. 
Discussion and Conclusion
We have developed a simple theory for understanding the processes and the factors controlling normal fault offset in an ideal brittle layer. We find that not only the thickness of the layer [Buck, 1993] but also the rate of reduction in cohesion in the fault controls whether a fault can develop large offset or small offset. In this idealized system we were able to show that for a given space of geologically reasonable values of layer thickness, cohesion loss, and rate of cohesion loss a broad range of behaviors is possible. In order to test the validity of our model we compare our results to some geological features observed geological faults. Work over the past 10-20 years on large-offset low-angle normal faults along the slow spreading Mid-Atlantic Ridge sheds new light on this problem. These structures may be currently active and are far less affected by erosion and sedimentation. As a result, observations and interpretation of the first-order topographic features are easier than in the continental domain. However, detailed mapping is more difficult than for terrestrial core complexes: it is undertaken with a combination of sonar imagery, near-bottom photography, sampling from submersibles, and drilling.
In the oceanic case illustrated in Plate la the dip of the exposed detachment can vary from horizontal to --30 ø or greater near the contact between the footwall and the hanging 
Implications for Material Parameters
To model the evolution of low-angle normal faults, an important requirement beside having a thin layer, is that the rate of cohesion reduction with plastic strain be moderate (Axe : 1 to 4 km). There is some geologic and laboratory evidence for rapid loss of cohesion with strain (i.e., that E c -2% [Scholz, 1990] . For such behavior our results suggest that while a large or unlimited offset fault develops and slips, secondary faults form in the hanging wall of the major fault and accumulate slip in a way similar to an asymmetric graben. We believe that in our model such a rapid loss of cohesion with strain does not scale with the weakening processes for the formation of natural faults. If we consider the simple scaling relationship between the offset Ax and the length AL of a natural fault: Ax -3x10 -2 AL [Cowie and Scholz, 1992; Dawers, 1996] , an offset of 1 to 4 km (i.e., a moderate rate of weakening in our model) corresponds to a fault length of 30 to 120 km. These values are reasonable and show that the scaling of the weakening process in our model scales is consistent what is observed on faults. This may mean that the formation of a weak natural faults occurs only after a considerable amount of damage has taken place over its width and length. This complex problem clearly requires further study. However, we believe that in our model a moderate rate of cohesion reduction is the one that scales best with natural faults.
Continental Rifts
Studies of rifts and continental margins have shown the importance of half grabens as a basic unit in accommodating extension. In addition, the asymmetry of faulting in both continental rifts and passive margins has been documented.
Extension at rifts results in subsidence within the rift and uplift of the rift flanks. The factors that control these basic components of rift expression are poorly understood at present. We believe that the partitioning of strain and the pattern of faulting in a rift depend on a small number of parameters that control either localizing or delocalizing processes. Heat advection occurring during necking of the lithosphere reduces the strength of the lithosphere and tends to narrow the width of the necking area. The corresponding diffusion of heat cools and strengthens the lithosphere and tends to delocalize the deformation in the upper crust. The delocalizing effect of buoyancy forces generated by the density differences from surface topography and Moho relief is countered by lower crustal flow which decreases relief and buoyancy forces. The localizing process of cohesion reduction of faults ] is countered by viscous strengthening in the lower crust, due to its strain-rate dependent theology. Since our model does not take into account all of these processes, we do not compare the results of our model to current data from rifts. However, we believe that the small offset behavior of our model (Plates lb and lc) is the closest to the behavior observed in continental rifts. What controls the maximum offset in this regime when the effect of the viscous lower crust and the effect of crustal thinning are included is still an open question. Ebinger et al. [ 1987, 1991 ] and Scholz and Contreras [1998] have shown that in places such as the East African Rift, there is a relationship between the maximum possible offset on a major normal fault and the effective elastic thickness of the lithosphere. They find that the effective elastic thickness of the lithosphere is larger where the observed offset is the largest. In the future, we will explore the effect of viscous stresses, heat transfer, crustal thinning and erosion and sedimentation in order to determine the natural condition that should lead to the formation of multiple faults. Also we will attempt to define the factors controlling normal fault offset in setting such as narrow and wide rifts.
